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/ >3/ 7/
$he twenty-five V0=-50 HS hermeticslly sealed nickei-cadmium cells

héve besn fabricated, cocmpletely checked out, and shipped %o Goddard Space
Flight Center. |

VD-6 HS cells on & 50% depth continuous 99 minute period cycle
have reached cycle number 2825 and the cycling continues.

The theories which have bcén propcunded to explain the mechanism
of the reductiom of oxygen at the udﬁim elec;rode in sealed aickel-cadmium
batteriez have been reviewed and critically exumired. The ﬁmt strongly pro-
pounded theory is that of a peroxyl ilon mechanism. From the informstion we
have at our disposal, we conclude that the paroxyl mechanism cannot be
uniquely substantiated, and in fact, there is definite evidence against it.
We have therafore proposed another machanism which £its all ths available
data, and describe experimental work directed at subst;nti&ting this pro-
posed mechanism, |

Cell efficuncy studies were conmducted s8¢ relatively low tempera-
tures and charge rates, &J/; determining (1) tha chéx:ge input necessary for
gas evolution, (2) the self-discharge rate of “he positive aiter charge,
and (3) the recombination rate after oxygen pressurization. At low temper-
atures, the order of dependency of charge input required for gas initistion
upon charge rste was inverted when compared with the order for the same
rates at hiéher temperatures. The self-discharge zates >doubled for a two-
fold iocrease in charge rate and for a 40 - 50° rise iﬁ temparature. tThe

reconbination rates appeared to incresse with temperature. HectFoon



I1. 50 A.H, HRRMETICALLY SI4LED CELLS

Production of the prototypes of the V0-50 HS cell is completed,
To date, 25 cells have been shipped.

Performsnce has been excellent wiih capacities averaging 56
ampere-hours. Because of the nature of the larger seal and cover assem-
bly, souwe difficulties were experienced initisliy in cell sssembly. With
some mbdifications in mechanical parts, the assembly techniques have been
greatly improved. |

Table I shows the 'complete electrical performance of the V0-50

HS cells shipped to Coddard Space Flight Center for evalustion and test.
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111, ELECTRICAL PERFORMANCE OF VO-6HS CEILS

A set of VO-6 HS cells was placed on automniic cycling on August
20, 1962, at a 50% depth of discharge, and & S0 minute cycle. This cycle
consists of & 35 mimite discharge at 5.15 amperes followed by & 55 minute
charge at 3.86 smperes, which cortospondﬁ to &n 182 cvercharge based om
cipacity removed. A typicll plot of cycle number 2825 is shown in PFigure 1.

Pigure 2 is a plot of the end-of-cherge and epdwofodischarzc
voltages versus cycle number. These are averége valves calculated each
dey. There is a downwlrdltrend in the erd-of-discharge voltage point, but
a slight adjustment in the c}cliag current shculd rectify this, The end-
of-chaxrge voltage have stayed about 1.53 for the iast 8000 cycles., Test-
ing will continue onvthe same 90 minute cycle.

The three experimental V0-6 HS cells that remained on cycle at
a 70% depthvlnd 2 90 minute cycle, and had completed 1500 cycles, were
taken off cycld.nhortly thereaftexr. At cycle 1587 one 6f the cells dried
out and fajiled during the weekend. The remairirg two cells developed high
pressure since the balance of charge=discharges current was upset, These
cells had been on a2 35 minute discharge ac 7.2 smperes and & 55 minute
charge at 5.5 amperes or a 20% overcharge. Ore cell fnileé, the other
two wvere discharged at a lower rate and charged et a higher rate, result-

ing in high pressure.



iV, FUNDAMENTAL STUDY OF THE REDUCLION OF ONLGEN
AT THE CADMIUM ELECTRODE

Vhen oxygen is consumed in & fuel cell, the potentizl of the
electrode is approximately -.02 volts versus the Hg/HgO, ROH electrode,I
The oxygen consumption reaction in the nickel-cadmium battery occurs at
the cadmium electrode at a potential of =0.90 volte versus the Hg/HgO, KOH
electrode.

The potential -0.90 volts is that of the cadmium electrode which
is tabulated in Latingrz as -0.80 Qolta*, the difference being that the
Hg/HgO, KOH electrode is about 0.1 volt more poaitive than the basic hydro-
ggﬁ oleccrode.3

Because the potentisls at which the reduction of oxygen occurs
in these two aysienu is so different, one is ird to suspect that the me-
chanisms hﬂ} be as different as the potentizla. Also, the electrode mster-
isl upon which a reaction is occurring may have specific catalytic efiects.
For instance, two oxygen reduction waves were found &t the dropping mercury
electrode in 7.2M aqueous potassium hydroxide. WNo such waves were observed,
however, at a rotating gold olecttode.4 Instead, with smell cathodic polar-
ization, a maximum in current waes observed similar to that cbserved by
Breitcts during the reduction of oxygen &dscrbed on Pt by dissolved hydrogen.

An understanding of the mechanism goferning the reduction of
oxygen at the cadmium electrode is pertinent because this reaction is opera-

tive in the hermetically sesled nickel-cadmium c¢ll. Basically, one needs

l. J. E. Wynn, Paper delivered at E,C,S, Meeting, Detroit, 1961,
2. W. Latimer, Oxidltion Pbtencials, Prentice Hall, N. J., 1952,

% The signs in this report are based on the @ibbsoStockholm Convention.
3. M. Barak, et alia, Paper delivered at E.C.5. Meeting, Detroit, 1961.

4, Gulton Industries, Inc., Signal COrps 6th. Quarterly Repott, Contract
®o. DA 36-039 SC-853%0 Dec. 1%61.

5. M. Breiter, J. Electrochem. Soc. 109, 425 {1962)



to know whether the reaction i1s rate controlled by oxygen transfer, or by
the electrochemical process. ‘Application of this knowledge will result
in a greater overcherge capability,

it 1s important to note how such commesrcial cadmium ealectrodes
are fabricated. A nickel powder haviang a denéity cf approximately unity
(the metal itself has a density of 8.9) is sintered upon a.conductive grid.
The grid is usually nickel or nickel plated cold rolled steel. The porosity
of the sintered mass s in the order of 80%. Cadmium salts are impregnated
into the sinter and converted into cadmium hydroxfde. The resultant por-
osity after processing is reduced to approximately SGi, Thus, the cadmium
slectrods is to}bo regarded as & bielectrode consisting of &n inert metal
electrode and the Cd/Cd (on)z electrddc. _

It is well-known that & chargsd Cd electrode iemoved from the
electrolyte and held in air ignites while drying out. It is also well-
known that a vented type celil that contazins & one<way valve in & flexible
case becomes concave several days after charge. 7This concavity is presumed
due to a reaction between the atmosphere within the cell and the electrodes,
partiéularly the negative electrode. It chould be noted that hydrogen and
oxyggn‘aro evolved from such cells and will swsep out the air.

Jeanin-6 reported that sintered nickel-electrqdea, not containing
active material, closely spaced evolved less than the theoretical quanti-
ties of gases.

Neumann and Gottes-unn7 reported that oxygen'is transferred by
the gas phase and provided for "electrolyte free gas passages' in the saeps-

r&tor, but neglected to provide & method for determining their presence.
6. R. A. Jeanine, Patent 2,646,455, July, 1953. '

7. G. Neumann and V. Gottesmaan, U.3. Patent 2,571,927, Oct. 1951.



Bgmrss put forth a theory that included beth gassous transport
of oxygen, or, in the case of small interelectrode distances, a bridge
which constitutes & short circuit of such megnitude as to support the
current snd the existing (it is presumed) pressure ia the cell. These
shorts were to buin themselves out on current interruption. This theory
was later abandoned by nurag in favor of & perozyl mechenism similar to
that of Bsrl.w for the fuel cell oxygen electrcds. It should be noted
thet Baars did not teport an ;xpxiMnul finding of peroxide. Pleischern
using the sensitive titanate test was not sble tc detect peroxide.

Following Baars, Dehmelt and vor Bohrenu concur in & peroxide
mechanism theqry. Again, no direct experimentzl evidence was found to
demonstrate peroxides formed in the cell vhile oxygen was being reduced.
The strongest argument in favor of this mechanism was that the potential
of their unimpregnated sinter became more positive when the oxygen pressure
was increased, as happens with the fuel cell cxygen electrede.

Baars separated the function of the Cd metal &nd the nickel
sinter in an ingeniously simple manner. He merzely immersed Cd under elec-
trolyte and "floated" & ainfoted nickel mass or top of the electrolyte.
These two electrodes were comnected through &n ammater. When oxygen was
reaching the nickel mass, current flowed. In another experiment, having
twvo unimpregnated nickel sinters closely spaced but separated by an elec~
trolyte moistened separator, conducted in 2n atmosphere of oxygen, hs was
able to show that current could be passed withcut a& change in oxygen

pressure., BRaars concluded that the reaction w&s electrochemical in nature,

8. E. Bsars, Paper presented at ihe Elactrochem. Soc. Mesting, Roaton, 1954,
9. E. Ba2ars, Proceedings 12th. Annual Power Sources Conference.

10. . Berl, Trans. Electrochem. Soc. 83, 253 (1943).
11. A, Fleischer, Private Communication,
12, K. Dehmelt and H. von Dohrem, Proceedings 13th. Annusl Power Sources Conf.



and that the reaction took place on metallic aickel sites,

Dehmelt and von Dohrenlz ran experinments with unimpregnated
cathodes, They too observed the reaction occurring &t nickel sites. A
cell was conatructed in these laboratories cousieting of nickel oxide elec-
trodes and unimpregnated cathodes. During overchirging & substancially
steady pressure was reached, indicating and agreeing with the previous im-
vestigators, that metallic Cd is not needed in 8 certain instance to effect
oxygen reduction. the instance is overcharge. 4e¢ will be geen later, how-
ever, metallic Cd is needed for the bulk of the pressure decay during open
circutt.

Quintin and Viltans.ls conducted experiments with electropolished
Ki imnersed in electrolyte. Currents up to ceriein values for each inter-
electrode spicing could be passed without sltering the oxygen pressure
within the cell. They found two distinct regions which tﬁey feel correspond
te & rapid diffusion of oxygen from the amode to cathode at small interelec-
trode spacings, region II. The other region, occuxs when the electrodes
are widely spaced so that the oxygen becomes gasaouz, enters the gas phase
and then redissolves in order to reach the csthode,
chcpt Experiments - It is fairly difficult, in practice ;f not in principle,
to run investigations on the oxygen reducticn reaction 1n ceils. The diffi-
culty is due to the self-discharge of the positive eieqtrodes which occurs
at a substantial rate for approximately one-half to several hours (depending
upon charge rate and temperature) following charge interruption. Ia spite
of this inherent difficulty, some information on the reaction wes obtained

14 : .
in cells , and were later confirmed by other workers in these laboratories.

13. M. Quiatin and R. Viicange, Compt rendu 250, 840 (1560)

14. Culton Industries, Inc., Signal Corps, Final Report, June 1962,
DA 36-039 SC-85390 \

15. Gulton Industries, Inc. AF Tec. Doc. Report No. ASDuth 62-67, April 1962,



it was shown that at oxygen pressures greater than about 2/3 st~
mosphere the oxygen decay with time is semi-logerithmic. This indicates
that the reaction is first order with respect to oxygen and zero order with
respect to Cd. These observations weres confirmed by even more direct exper-
imentation. In soms even more recemt work, it was found that the region
below 2/3 atmosphere is also semi-logarithmic, ‘but additional efforts are
oseded to interpret the meaning of this finding. |

Data were also obtained indicating that the specific heterogsptous -
rate constants during overcharge are greater.than the specific heterogeneous
rate constants during opem circuit.

Preliminary curreat-voltage studies indicate en absence of an
oxygen wave &t the cathodic nfckel ehctrodem. Confirming this lack of a
diffusion wave is the fact that the activation energy for the process is
virtually independent of tenp-uturels. Its value is 5.07 kcal per mole
over the range of 25 to 4000.
Discussion = The theories extant in the literaiure do not satisfactorily
explain experimental observations made on cells and on negative electrodes.
Let us first discuss the theory concerning short cireuwits, It would, indeed,
be fortuitous for a "high resistance" short circuit to occur that will just
conpensate for the self-discharge of the positive electrodes, the voitage
of the celle, and the gas pressure, More likely shorts may form that are
intermittent. When the voltage starts to fall, the short will break.
Under these circumstances one should be able to see the noise on a&n oscillo-
scope. Such neise was not cobserved. It shouzld be noted that noise weould
not be caused uniquely by shorts. Bubbles of gasss forﬁing on, and leav-
ing the electrode would also cause noise. Consszquently, the evidence does

not indicste intermittant shorts, nor does it indicate gas bubble formation.

16. Uapublished data obtained in these labcratories



The peroxide theory, when set ince the form of the Heinst equation,
indicates a zeaction that should be (1) firset cider with respect to oxygen,
(2) szero order with respect to cadei{um, (3) and &t & constant current, make
the electrode more positive vhen the oxygen precsure i8s incressed. This
theory does not of itself explein the apparent increased specific rate con-

stant during overcharge, although it does predict the opem cirecuit resction
at the cedmium slectrode, Thus ﬁw-e ars only twe points éhi,h causa doubt
to be n'tabuohed about this theory. One is tlw fact that peroxide was not
found, and the second is that the polarmtion of the negative alectrode is
~m1117 and in the wrong direction to account for a iasur oxygen consunption
during overchax_'p. If the earlier dats is fuzther aubstantia ted, the lack
of a paroxyl wave can not be explained in these terms,

Since the evidence is -ountingw thet the reduction of oxygen is
indirect and utivation c@ucrolhd, the preseat theorias aré inddequate. A4
new theory has been promulgated and is presented in the next section.
Catliodic Oxygen Raduction Theory = An unpoised. nickel electrode can cause
the dischexge of ions im solution when the potential 1s fixed, These dis-
charged ions will be adsorbed on the surface of the eleci:rodeq Since an
equilibrium is not set up with gases, the equilibxiun is ':prob'ably set up
botwoen tha surface conceatration of adsorbed gsis &ad the concentration
of the undischarged ions in solution. In this way the current &ssociated
with the chang; of potential is cxpliimd. iIf the appli;d potential is
greater than the decomposition potential the surface will become saturated

and gases will be evelved from the elactrode.

17. Gultos Industries, loc. Signal (brpo Report, &th, Ouarterly, Juna, 1961
DA 36039 SC-85390

18. @. Bianchi, et zlia, U.S. Coverunent Research Reports AD 278690, abstract.



1i.

The fact thet the negative elecivoda iz & bi-electrode may now

be used:

cid,, Cd(OH),/kon (&+, K*, OK")/ H - Ji
The line comnecting the Cd to the Ni represeats a short circuit as it exists
in the systam. That is, a mixture of Cd and Cd (OH)2 ie conteined in the
pores of the electrode which is sintered nickel. The eiectrolytc, aqueous
KOH, covers both the Cd, Cd (Oll)2 mixture and the exposéd nickel,

Oxygen reaching the nickel surfacs st any poi_nt vhere nickel is
covered by electrolyte reacts with the adsorbed hydrogen and thereby upsets
the equilibrium between the surface coversge and the solution. But the Cd,
Cd (Oll)z electrode buffers the voltage, in 2 sense, apnd additional Cd is
converted iato Cd (on)z vhile dopopicing 4 2tome on the nickel surfece;

Cd + HO ——3PCd (0B), + 2H + 2¢° -
20" + 2~ (ML) ——p 2H - Bi

The reaction between oxygen and thé adsorbed hydrogen is not rep~-
resented since we have no coacept, except & neg;ative one, &bout - the mechanism
involved. Brei.ters has shown that an electrochemical reﬁétion betwean ad-
sorbed oxygen and hydrogen exhibits & maximum rate at en intermediate poten-
tisl. 1If the rate of this reactiom is proportionel to the surface &rea cov-
ered by oxygen, ©, and to the surface area coverad by hYdroggn, 1-8, & mexi-
mum reaction rate would be obscrved vhen € = 0.5. This has not been cbserved
on Ni, although it was found on a gold electrode in 7.2N KOH. Therefore,
there is atil) a lack of evidence concerning the mechanism of the reaction
betveen hydrogen and oxygen at the surface.

Thus oxygen can be reduced at any place ;zheté the conditions are

appropriate. During open circuit the rsaction sites are elemental nickel



which is at the potentisl of the Cd, Cd (OH:}Z c».?iect;ode end covared with a
film of electrolyte. If we consider that the electredes are closely spaced
and the separator snd electrodes are essentially saturated with electrolyte
then the raaction sites are limited to the edge of the elactrodes, the backs
of the end electrodes énd the tabs and terminzls. The electrode faces
covered by separator will represent @ long path through which the oxygen
must travei. It is much more likely for the cesction to eccur throcugh the
shortest pai:h19 which {s the film.

When 2 cell is placed on overcharge, ciygen ceén continue through

13
the gas phase. 1In addition, with interelectrode distences of 0.2 mm. or less

oxygen can travel dirsctly from the anode o i he cathode, effectively in=
cmsi;zg the number of reaction sites.
Reduired Experimental Proof - The theory given nbove will account for the
observations made on sesled cells, on negative electrodes, and on unimpreg-
nated eléctrodese

At the pressures to which this tbeor}v is applicable it £s readily
understood ﬁhy the rate is independent of the arvunt (or state-of-charge)
of the negative electrode whether the electrode state-cf-charge ig altered
by cdischarge or by reaction with oxygen. The reaction will occur &t & rate
proportional to the amount of oxygen &t the meutulfsolution interface. The
cd, cd (Oli)2 electrode, which does not polarice under these conditions, will
merely replace the hydrogen removed.

The rate of the reaction will be dependent upon the mmber of
aites, or electrode area, at which the reacticn will occur. Thus it will
be rensitive to the amount of electrolyte within the cell more eleckrolyte
will leave fewer film paths, Also, additi§m1 reaction sites will be avail-

able during overcherge if the interelectrode dietance is small,

19. D.A. Sama, et alia, J. Electrochem. Soc. 109, 884 (1962}

[er
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A low activation energy merely means thet the reaction can occur
at a significantly rapid tcn at low tempexatures, Ths gon#tamcy of the
activation energy over the 25 te 40°C range is not inconsistent with &
chsmical process.

While the theory proposed above does fit the c;bservations drawn

from many sources, certain proofs must be obtainesd. These proofs must be
d u

btaine

el e & -

under unquestionahle and rigorous euperitmental conditions, Per-
haps one of the most importent of these proofs is a continued study of the
current-voltage and curremt-time cheracteristics of nickel wire and porous
nickel elactrodes. These ct:udi.ulcr'e to be mude to study the effects of
convection (natural convection is cbuﬁt ir zero © envirémnt}), the effacts
of porosity, and the effects of severcl oxygen portisl pressures on these
characteristice. These expsriments were started during g:he past querter
and shnil constitute the o:pet:l.uml section on this reaction.’

Let us set up the chemical equations that correspond to the reac-

tions of thia thedry;

1D O + e ——igp uww

’ %®
2) o, + 4ngw —E-> 210

Equaetion 1 is .mrcly the electrochemical process of dischargicg a proton
which is adsorbed on the electrode. The rate at which this process pro-
ceeds is given by the current i. This process will occur only with current,
that is, it commences with current flow and ccases with ;nterruption as in
any electrochemical process. Equation 2 is = chiemical process that wiil
proceed at a rate dependent only upon the surface concentration of adsorbed
atoms and the partial pressure of oxygen. If the rate at which the process
represented by equation 2 proceeds is slower than the xate at which that
represented by equation 1 proceeds, then two predictions cam be made. The

% Equation 2 does not purpori to represent & mechenism, but merely
gives the overall process. Equation 1 iz mechanistic.
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firstc prediction is that i(here will be a lag in oxygen cousumption bafore the
steady oxygen consumption rate is reached. This corresponds to the deposi-
tion of H atoms on the nickel surface. The second prediction is that oxygen
will continue to be’con-unad after current interzuption. This corresponds
to & depletion of the hydrogen slready om the Hi. These predictions will
be an especislly pertinent test of the thecry pfopcsed herein,

| Another set of proofs would be the investigation of pressure as
a function of the amount of electrolyte. Several attempts were made previ-
_ously, but. are unreliable ninccaghn state-of~charge of the electrode is
altsred when the cell is ventad. Although the gas phase teac.tion 10‘ un-
sffected by the state-of-charge, there is a possibility.tha: the more dense
Cd allows more reaction sites to be available on the elecgrode surfaces cov-
ered by the separator and electrolyte. It has already bsen found that & cell
cén be made to perform sesled even when the negative electrode h§s taken 811
the charge it can accapt. It is expected that this experiment can be run
whuo: overcoming thﬁ complication. Therefore, czlls deficient in electro-
lyte will be preparad. They will be fully charged vented. They can then be
evacuated and oxygen put in just before the cells ers returned to charge.
When steady pressures are obtained, additional ealectrolyte can be added,
and oxygsn to fopliu that lost, can be put iato cell.

The third set of proofs, which haz alrzady been done, is to

fabricate flooded sealed cells. Since oxyzen can be tmgsported through
the sclution according to the theory, and based on the curreni-voltage
curves and Quintin snd Viltange's obschCt£0ﬁB13, one csn predict that floodgd
sesled cells can be wade operable. Since oxygen is being generdted at the
anode and this goes into solution, some must go izito the gas phase in accord-

ance vith Heary's lLaw. While this is occurriang, the amount of oxygen reach-




ing the cathode will be insufficient to preveat cherging. Comnsequently.
hydrogen will be eyolvede 1If one waits long anough for the appropriate
gradiants to evolve, and vents the cells to purgs the hydroéen then ae;led
flooded cells ahould be made. Croups of 4 to 5 such cells were made on)

-' three occasions. This constitutes sufficient preof of their prepatutioﬁ,
and helps substantiate the theory. |

Experimental - The polarizatioa circuit consisted of a transformer which

steps up the AC te 330 volte. This vas rectified through a 6_x%_ 4 vacuum
tube, filtered and uzuﬁted to 105 volts with an 032 mercury vapor voltage
regulator. The output was then stepped down through & resistor and & Zemer
diode (Motorola Cstalogue No. }¥M2.4AZ) which supplied & regulated 1.5 volts,
A Spectxal Model 810 tem turm ﬁociaim l;ne&r potentiometer having a re-
‘siutilnce of 100 ohms was connected across the Zenmer diode. A 1 rpm synchro-
nis motor was used to drive the potentiometer through & 1:1 gear traim.

A shunt was placed in the positive leg of the circuit. This
shunt was & GCeneral Radio Decade Rcsi?tanc@ Box. $he curreat was read on
the Y coordinate of a Mosely Model 2A X-Y reccrder. The recorder was always
set on its most sensitive range (5mV full scale) so that the potentiometric
feature of the instrument could be used. (See Figure 3 |

The positive electrode, the counter electrode, was a 0.005 iamch
phiinum foil hafing a relatively Large geometric- surface areae, 63.0 cm .

The negative terminal of the power supply was connected to the
test electrode.

A mrcury, mercuric oxide/KOH haif-cell was used to determine the
cathode potential. The potential was recorded on the X coordinate of the
X-Y recoxder. The reference electrode was connected teo the system using a

Luggin capillary.



The electrolyte used was identical with that eﬁployed in the her-
metically sealed nickel-cadmium cell, 34% aquecus potassium hydroxide.
Electrode freggtction = G:ld; B nickel wire of 0.0589 cm. dismeter wae
sezled into a soft glass tube. The exposed lenjzth of wire was cut te 1 cm.
lusving a4 geonmetric surface area of 0.19 cm?.

The electrode was mechanically cleaned to rerote the blackened
oxides cau-éd‘by heat sealing into glass, It was degreased in scetone and

-air dried. Nitric acid cleansing did not permit the curreant-voltage curves

to te reproducible, and this treatment was abandonsd.

The initisl rxuns, cathodic polnri:lt&onn,weré not reproducible.

Aftar twe runs, the subsequent cathodic polarizations are very reproducible.

wds
Between runs, the electrode Is kept on opem cirzuit until it reaches the

potential that it had im the previous run.

The porous electrode was cut from an unimpregnated sinter. The
dimensions were 1 cm. by 1/2 cm. The terminstion vas the nickel plated
steel tab, The edges of the electrode were coated with polyatyfene dis-
solved in'-cthyl ethyl ketone in order to stop-off the exposed ste=l grid
edgélq This electrode was degreased in acetone prior to application of
this stopcoff lacquer. This edge-coating process is identical with that
used in cells. The sintered electrode also rgqﬁires one or two prelimin-
ary cathodic polarization before subsequent runs are reproducible. How-
ever, the sintered electrode does not require & waiting period before the
Rext run is mede.

The nickel vire electrode was rotated at 600 rpm in several
experiments using a Sargeant Synchromous Ro:tater.

To sweep out all gas which may interfere, tenk nitrogen was
used as & purge. The end of the tubulation contaiﬁcd a gintercd glass

gas dispersion tube., Experiments with air (P02 = 0,2 atm.) were done by

s
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attaching & compressed afir line to the gas dispersion tube. Experiments
with oxygen vere carried out using tank oxygen ges. All experiments were
done a8t room temperature (27° o 28°C).

Results - the current-voltags curves (polarogrems) of Ni wire microelec-
trode obtained in a relatively oxygen-free elecirolyte are shown in Fizé
ure 4, The electrolyte was purged with llz for 15 minutes prior to each
run, but the purging was stopped just before the run wae. etarted., This
particular run was reproducible and the figure ic ounly one example of the
deta obtained. Other examples, in which the vcltage was not drivean above
1.0 veolt are shown in Figure 25. The zero haz been displaced in the three
sets of data shown in Figure 5.

The lowest curves in Figure 5 reprecent the initial run, and
it §na be seen that thas: results are not in agreement with the other two
in Pigure 5, mor with the reaults in Figure 4.

At the poteatial of the Cd, Cd (OR) ) electrode, -0.90 volts
(obtained by L direct icuurmnt), the average current at the unstirred
electrode is 39.5 +1.3 uA/cnz. -When the electrode is rotated at 600 rpm,
the current at the same potential increases to 43.3 + 2.6 uA/anzo

in Figure 6 the curremt-voltage curves for the sintered nickel
electrede iu shown. The upper and lower curves indicate the reproduci-
bility obtained. Qualitatively, these polarogrems for the sintered elec-
trode are similar to those obtained st the solid wire eléctrode. That is',
they do show a typical activation controlled type process. Guantitatively
there are differences between the two kinds of electrodes. At ~0.90 volts,
the current through the elactrode is 406 + 31 uA/cmz. The area is based

on geometric area., This is 9.4 times greater thén oa the wire electrode.

2
At -0.8V the current et the sinter is 188 + 25 uA/cm . The ratio in this



case is 38. These differences may merely be due to the fact that the data
is obtained in a transitory manner, polarogrgphgéally.‘

The effect of oxygen on thg stuéionxry microelectrode was deter-~
mined during the past quarter. These results are shown in Figure 7. The
lowest curve represents the same kind of reeulﬁs as shown in Figures & and
5. 1a the earlier runs stirring wes achieved with & motor, while in this
run agitation was achieved by vigorously bubbling nitrogen through the solu-
tion with the ;1d of a gas dispersion tube. Kote that-éhe current at =0.90
volts are in good agreement. |

The run 1§ which the partial prescure of oxygen is &t 0.2 atmos-
pheres was obtained by introducing compre:zsed eir into the solution. The
current density increased, at the potential of 1nte£eat, from 47 to 50

uA/cnz_o
| When the solution is uiturated with oxygen &t & rartial pressure
2

of one atmosphere, the current is increased to 60 vA/cm .

Discussion of Results - During the past quarter the apparatus was set up

a3 indicaeted. The spparatus was modified until it was possible to obtain
data without unwarranted polarization of the raference electrode.

The data reported are, of course, only the first reaulté obteined.
The shape of the curves for the electrolyte saturated with oxygen at 1
atmosphere does not indicate an oxygen wave., Instead, the p*esence of -
oxygen merely increases the current &t these potentiels in which we are
interested. These observations are consisteat with the theory presented
earlier. It should also be noted, that if one 1bcka &t Figure 7 in a dif-
ferent manner, the observations of Dehmelt #nd von Dohfenlz are also in
evidence. If the current is kopt constant, which we can perceive by us-
ing a current tie line between the curves in Figure 7, és the oxygen

pressure is raised the potential becomes more anodic.

15.



Convection has but 2 small influence on the currents in these

me&surements.

19.



¢ NOTE ADDED IN PROOF:

The equation 1,

i o+ e ()

» H = Ni,
] 20
is better written according to Potter &s

BO + e (M) ———p E-¥ + OH

Thus the mechanism proposed will consist of thrae steps
as follows:

a. 2Cd + 4OH --i-—> 2 Ccd (OH)2 + 4e”

b, & H0 + he” (M)— P4 H- N + & OB

k
€. 0 + 4 H-NM —PH2HO + Wi

zt;gde';he;i nzo + 02-——9-2 cd (OH)Z
Reactions a and b,1s & corrosion reaction so that the curzent i shown

‘ as the rate is the corrosion rate, not the charge rate. When a cell
is overcharged the corrosion rate may or may not be altered. If it
h‘altered, then reactien b wil). have a corzosion current different
from that of reaction a, that is: 1b‘2 i,. Thus the state of charge
of the negatives can temlip unaltered while the chemical reaction C is
not directly affected by the current ib’ bui is merely affected by the

partial ﬁressure of oxygen and the degree of surface coverage of the

Ni matrix by hydrogen atoms.

20. E. C. Potter, Electrochemistry, Clegver - Hume, London, 1956,



V. CHARGE EFFICIENCY 5ZUDIES

Introduction -~ This phase of the work is concerxwd with t:he understandins
of chargs efficiency of sealed nickel-cadmium cells at temperatures belaw
77°7. the experiments petfornnd during the eighth quarter were designed
for charge at cmﬁut current. FPor vork at cold tempefatures during this
last quarter, cells were also charged at controlled potential. In this
ntﬁod, the cells are charged by a power supply which (through & sensing
circuit that is presefit to some desired value) tends to hlinuin the cell
voltage at a fixed potential after the current requirements fall ‘;vithin the
up;bilities of the charger. At thp beginning of charge the current surges
to @ value consistent with the cell resistance and polarization, and then
falls with time to some assymptotic value. 7This method lends itself vei'y
well to low ':enpeta:ure work because (1} the cell véltiga is limited, and
(2) @ great deal of charge may be put into the cell before the current
falls to a low value which may be safe enough for continu@d overcharge with-
out the production of high gas prissures. However, thg surge current may
be too high to permit safe charging, so that a series resistor is often
introduced into the circuit to limit the surge curremt. In this case, the
charge proceeds at a current fixed Sy the resistor for a time depending
upon chq cell polarization. After this, the current decresses to some low
value. The resistor is only effective at high currents; at low éurrenta,
the voltage drop across the resistor is negligsble. This was the method

enployed invthe work to be described.

Exper imental Procedures -

1. Low Temperature Charge Efficiency Studies at Constant Current
The six ampere-hour sealed cells which were employed in the high

temperature charge efficiency experiments were used in the present tests.



The cells were divided into groups contaiming tixee cells which were brought
to temperatures of <=15°, 0°, 25°, and 50°F. At each temperature, one cell
was charged at one of the sslected rates which were 0.6A, 0.3A, and 0.15A.
Dur ing each charge, the changes in cell pressure were noted. The charges
were continued until the cells reached a pfessu::e. of 150 psig or achieved &

steady state pressure. When one of these conditions was in evidence, each

cell was tested for hydrogen by cellecting =2 sarmnle of gas and igniting {t.

A negative test meant that oxygen was present in large quantities,
| At this point, c;ch cell vas evacuated and the charge was immed-
iately interrupted. The course of the self discharge was followed byi moni-
toriag the cell pressure. |

When this test was completed, the cells were .prcuuriud to 50
poig of oxygen. The consequent prcn-ure decay vuas mghito'réd in the samse
mannsr as the self dischargas. .

After the prol-auro decay toit; each cell was discharged at 3A to
1.0 volt for capacity. |

2. Low Temperature Chargs Efficiency Studies at Controlled
Potential

Apparatus for contiolled potentiel cherging was. assembled accord-
ing to the circuit shown in FPigure 8. The power supply employad was the
Lambda Model L A100-03A, which is capable of supplying a r‘eghlaud output
of up to 34 volts it 2 curvent of 10 cmperes,.

Three 6 AH sealed nickel-cadmium cells (after being given four
stabilization cycles as deacribed in the 8th. report?), were given & twenty-
four hour stand in a celd box to reach 0°r. he cells were tfaan charged
at 1.55 and 1.60 volts respectively. Tests ware made and dats collected
in the same manner as praviéusly.described for the constant current work
(pressure rise during charge; pressure change during chaiged 'scand, and

pressure decay).
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Experimental Results

The pressure changes of the cells during chargﬁ havh been plotted
for the various charge rates and temperatures, and are shown in Figures
6 -9, At tenpératurcs of 50° and 25°F (Figuras 9 éndiﬂb the charge input
fbf initiation of gas evolution de§re¢ced with increase ih Charge rate and
decréase in temperature, as found iﬁ the high temperature test results
given in the preQioua repori. néwcver, as the tempersture is further de-
creased, first to o°r (Figure}y and them to -15°F (Figurel? ), the orde_t of
dependence on charge rate for the onset of gas evolﬁtion is iaverted. The
charge input required for initiation of'éﬂs evolution increases as the
. ch&rgﬁ rate is increased at these low telperéturasa A8 the temperature ig
decreased, the iaput for the onset of gas evolution is &lso decréased. it
was noted also, that che gnsci 1§ the various cells during charge, except
at the 0.15A rate at so°r, vere found to contain hydrogea, even when steady
state pressures were attained. | |

"The charge input required to produce gas i8 plotted asAa function
of charge current in Figure 13. The graph shows that the input to produce
gas varies considerably with charge rate and temperature. _At>25° and 50°F,
progressively greater inputs are associated with the onset of gas cvolu-
tion as the charge rate i{s decreased and the temperature is increased,
However, at 0° and 1503, although the dependence of imput for gas formation
upon te-perlturé is the same as given above, the order according to rate
is reversed. The 0° and 15°F isotherms show that prqgressively greater in-
puts are obtained as the charge rate is {ncreazed. This phenomenon indi-
cates that there 1s an inversion point between the 0% and 25° isotherms.
This inversion point is clearly shown in Figure 14, where the charge input

to start pressure rise is plotted versus temperature. The inversion temp-
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erature is in the vicinity of 10°%r.
| The self-discharge curves obtained &fter charge interruption are
given in Figures 15 - 18. Again, as was givea in the Bighth»aeport, the
"initial rates of pressure rise" increases with increasing tempeiatut§
and also with charge rate, while the dwell time at ihe platesu decreases
with increasing teufetltute. (See !hb1§ 113
. The pressure decay data obtained after each ceii was pressurized
to>5d psig with oxygen are plottea'ih Pigures 19 - 22. Although the dats
are somewhat scattered, an examination of these curves shows that the imi-
tiil'ptesaute decay rates appear to increasce with temperature.
The cell capacities obtained after disch@rge ;t 3 A to 1.0 volt
are listed on Table III. ' |
The preliminary results obtainad.from 1.60 ‘and 1.55 volt controlled
potanti‘lachnrging at 0°F are shown in Figures 23 and 26; The cﬁrréntatinn
curve plotted in Figure 20 for a 1.60 volt charge, is typical of this method,
as described earlier. At any time t, the charge input Q is equal to the

area under the curve up to that time, and iz given by the expression:

The arsa under theAcurve was integrated using a planimater.VA

Theicharge input requited"for gas evolution occurred approximately
one iupere-hour earlier for the 1.60 volt cherge, than for the charge at
1.55 volta; |

In Pigure 21 is shown the seifwdiacharge curves cbtained after
charge at the two controlled potontiain. fThese curves ghbw that the self-
diécharge rate is higher for the 1.60 volt charge than for the charge at

1.55 volts,

ZQD



TAKLE 1.

INCHES OF MERCURY/MIMITTE

INITIAL RATES OF PRESSURE RISE DURING CHARCED STAND

Charge Rate femperature “F
Amperes =15 0 25 50
0.15 0.25 0.33 0.50 .75
0.30 0.50 0.67 1.00 1.50
0.60 1.00 1.25 2.00 3.00
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CELL CAPACIYIES AFTER ) AMPERES DISCHARGE TO 1.0 VOLT

CBARGE RATE TEMPERATURE, F, OF CHARGE
Anperes (Discharge at Room Temperature, after 3 days stand)
-15 0 25 50
0.15 6.2 6.2 6.3 6.3
0.3 6.4 0.4 6.2 6.5
0,6 7.0 7.1 6.3 6.7
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Discussion .

The discussion in the Eighth Report indicated that two electrode
reictions may be assoclated with éhar;e eificiencies of less than un:liy.
One {s the oxidation of water at the ‘positive to fofm oxygen, and the
se;on'd is tbé reduction of water at tixe iegative to form hydro;nn. in

addition, a third reaction - the 'fomtion of water a3 a consequence of

m&l;tain the cell at some staldy éreuure. The ogcurrence of the first
two reactions was in evidence throughouc these tests, ' while the third was
atrongly suwsted, in some cases, by the results cbtained.

Considexr FPigures 9 = 12. At these lover '.t?ﬁpjerqrt‘uies, hydrogen
is 'ol;tlimd except for 50°l', whare Oxygen is found at the 150 m‘rate and
a mixture of hydrogen and oxygen 1is fouud at the 300 ma rate. At the low
te-peraturu and relatively high chargc rages hydrogen is evolved at the
omscc of pressure rise. This implies @ decresse in chsrze efficiency for
the negative electrodes under these conditions. In ordér to make conclu-~
sib;a‘ about the positive electrodes with regard to Effichné}, additional
lov rate constant current work at higher temperatures 1is needed, a:{d will
be performed during the next quarter. Of equal signifj_.‘caﬁce is the appear-
ance of 'snady states with hﬁtpnn, obtained for the firslt time in these
tests. This shows that oxygen has reached the negative, as in the high
t@npérature tests. One way tb express this interaction between the posi-
ti\;e: aﬁd negative electrodes is to say that the positive 18 not inefficient
enocugh to enhauce depolarization of the negative. Another w‘y of stating
this concept would be (since predomimntly hydrogen is produced as the
t@npcrdtuu is lowered) to say that even at these low charge rates, the

negntivé is first passivated and then depolarized.
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The low temperature inversion phencmenon shown in Figure 11 indi-
cates that ﬁhe net effect of decressing temperature and charge rate may
serve to decrease the efficiency of the negative tela;ive to ﬁhaf of. the
positive.

The results obtained duiing’sclfcdiacharga (Figures 15 - 18) from
the work reported here were similar to those obtained during the high temp-
erature tests. The initial self-discharge rates tabulated inm Table II. in-
dicate that these rates are charge dependent as well as temperﬁture de-~
pendent. As the charge rate is doubled each step in going from 0.15 to
0.30 to 0.60 amperes, the decay rates also double, essentially for each
curreat step. The initial self discharge rate approximstely dcubles for
e 40 :o,so°t :enpeflture rise. |

The cell capacities in these tests do not, 88 was mentioned in
the Eighth Report, give information regarding cell efficiency, since the
charge input for each cell was different. These deta are shown in Table III.
!hes§ discharges were cgrried oﬁf ;g room temperaturi after a 3-day stand,
At these lowaf temperatures the clpl§ities still remsin sbove 6 AH. It
does appear that the lower the temperature the more effective is a higher
charge rate. For imstance, at 0% and -15°F the cells charged at 0.6 A
yielded 7 AR at room temperature. This is reminiscent-of the data in the
previous report for 3 and 6 A charges at 77 and 90°?. In a sense, the
meaning of @ high charge rate depends upon temperature; At 77°F the c/10
rate is not a high charge rate which it is at 0°F.

The quantity of experimental data is insufficient, at present,
to give any analysis of cell behavior under coatrolled potential charge
couditiona; However, this work is being centinvad se that additional work

will be available for evaluation in the next report.
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VI. PROGRAM FOR i&XI PERICD

The VO=6 HS cells on 50% depth continuous automatic cycle will
continue in their cycle routine.

. Further work will be done on the reduction of oxygen at the cad-
mium electrode. Details of the experimental work appear at the end of
Section IV.

Detsails of the experimental work contsmplated for the chsrge
efficiency studies appear at the end of Section V.

Charge efficiency studies at contrclled potential wilil be com~
tinued and completed.

Additional constant current charge at 0.15 and 0.3A at 77°F and
90°F will be made.

Additional polarographic studies will be msde at the sintered
electrode. Current time effects will also be measured.

The solutions at high 0p concentration during cathodic polar-
ization will be tested for H,0, .

It will be determined whether there is & lag in oxygen consump-
tion upon commencement of cathodization, and whether oxygen consumption

continues after current interruption.



VII. PERSONNEL

The following staff personnel worked on this project‘during

the past quarter:

DR. R. C. SHAIR DIRECTOR OF RESEARCH

DR, H. N. SEIGER ASST. DIRECTOR OF RESEARCH
G. RAMPEL SENIOR CHEMIST

J. LISKA CHEMICAL ENGINEER

R. DAGNALL MECHANICAL ENCINEER

A, LYALL CHEMICAL ENGIKEER

H. COHEQ PHYSICAL CHEMIST
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